Mice deficient in the transmembrane protein tyrosine phosphatase CD45 exhibit a block in thymocyte development. To determine whether the block in thymocyte development was due to the inability to dephosphorylate the inhibitory phosphorylation site (Y505) in p56 lck (Lck), we generated CD45-deficient mice that express transgenes for the Lck Y505F mutation and the DO11.10 T-cell antigen receptor (TCR). CD4 singlepositive T cells developed and accumulated in the periphery. Treatment with antigen resulted in thymocyte apoptosis and the loss of transgenic-TCR-bearing cells. Peripheral CD45-deficient T cells from the mice expressing both transgenes responded to antigen by increasing CD69 expression, interleukin-2 production, and proliferation. These results indicate that thymocyte development requires the dephosphorylation of the inhibitory site in Lck by CD45.
CD45 is a transmembrane protein tyrosine phosphatase uniquely expressed by cells of the immune system (38) . For T cells, CD45 is required for T-cell antigen receptor (TCR) signal transduction (17, 31) . CD45-deficient T cells are impaired in their ability to initiate signaling in response to either antigen or TCR cross-linking. The inefficient TCR-mediated signaling in CD45-deficient cells correlates with an eight-to ninefold increase in tyrosine phosphorylation at the inhibitory site in the Src family member p56 lck (Lck) (10, 34) . These results suggest that CD45 regulates Lck by dephosphorylating the inhibitory site. Since it is thought that Lck is the primary kinase responsible for initiating signals through the antigen receptor, the inability to activate Lck in CD45-deficient cells appears to account for the inefficient signaling through the TCR. However, while all CD45-deficient T-cell lines exhibit increased tyrosine phosphorylation of Lck at the inhibitory site, there is discordance with regard to kinase activity; some cell lines have increased kinase activity (8, 12, 13) , while others have decreased kinase activity (10, 14, 26, 27, 33, 34) . The basis for this difference is unknown. Furthermore, the paradox of inefficient signaling through the TCR despite enhanced Lck kinase activity is unexplained. These contradictory findings raise the possibility that the block in TCR signaling in CD45-deficient cells is not due to the failure to dephosphorylate the inhibitory site in Lck but is attributable to a different mechanism. In principle, expression of Lck Y505F in CD45-deficient cells should rescue TCR signaling. However, expression of Lck Y505F in CD45-deficient cell lines results in rapid internalization of the TCR, thereby preventing an assessment of the ability to rescue signaling (13) .
CD45-deficient mice exhibit a block in thymocyte development at the stage at which cells express both CD4 and CD8 coreceptor proteins. This is the stage in thymocyte development at which newly rearranged TCRs are expressed and signaling thresholds are determined to eliminate cells that are autoreactive or fail to generate sufficient signals. Cells that signal appropriately develop further to express either CD4 or CD8 and are released to the periphery, where they recognize antigen in the context of major histocompatibility complex class II or class I molecules, respectively. As such there are subsequently few mature T cells in the periphery of CD45-deficient mice (9, 15) . As predicted by studies of cell lines, the small number of T cells that accumulate in the periphery fail to efficiently signal through the TCR. The phenotype of CD45-deficient mice is consistent with the idea that CD45 is required for TCR signaling. However, whether this is due to the regulation of Lck by CD45 has not been determined.
The importance of Lck in thymocyte development and TCR function has been demonstrated by the development of transgenic and gene-ablated mice. Mutation of the inhibitory tyrosine phosphorylation site to phenylalanine (Y505F) results in a constitutively active kinase (4, 5) . Expression of the Lck Y505F mutant as a transgene driven by the lck proximal promoter results in a block in thymocyte development due to premature signaling and a subsequent failure to rearrange the TCR ␤-chain (1, 2, 18). Developing thymocytes do not progress past the CD4 ϩ CD8 ϩ double-positive stage and do not up-regulate expression of the CD3 component of the TCR. However, development can be rescued by the simultaneous transgenic expression of a TCR ␤-chain which, obviously, has already been rearranged (7) . Further, expression of the Lck Y505F transgene overcomes the block in thymocyte development observed in Rag-deficient mice and permits progression from CD4
Ϫ CD8 Ϫ double-negative to CD4 ϩ CD8 ϩ doublepositive cells (6) . The generation of Lck-deficient mice has demonstrated that Lck expression is critical for signal transduction through the pre-TCR that is required during the development of CD4 ϩ CD8 ϩ double-positive thymocytes from their CD4 Ϫ CD8 Ϫ double-negative precursors (7, 24, 30) . These experiments have emphasized that Lck plays a role in the TCR signaling that is required for thymocyte development.
To examine whether the regulation by CD45 of the inhibitory tyrosine phosphorylation site in Lck is critical to thymocyte development, we generated CD45-deficient mice that express Lck Y505F under the control of the lck proximal promoter (1) . To overcome the block in thymocyte development caused by Lck Y505F, the DO11.10 TCR was also expressed (25) . Expression of Lck Y505F in the presence of the DO11.10 TCR relieves the requirement for CD45 in thymocyte development. Our results indicate that the inhibitory site in Lck is a critical substrate of CD45 in vivo. Dephosphorylation of Lck Y505 is necessary for the signaling through the TCR that is required for thymocyte development and response to antigen.
␤-D-galactoside, and culture incubation was continued at room temperature overnight with vigorous shaking. Bacteria were pelleted and lysed by rapid freezing and thawing followed by sonication in a buffer containing 50 mM HEPES (pH 7.4), 300 mM NaCl, 0.5 mM EDTA, 0.1% ␤-mercaptoethanol, 20 g of aprotinin/ml, 2 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 1% Triton X-100. Debris was removed by centrifugation, and lysates were agitated with glutathione-agarose beads (Sigma) for 1 h at 4°C. The beads were washed twice in a buffer containing 20 mM HEPES (pH 7.4), 25 mM NaCl, 0.1% ␤-mercaptoethanol, 0.5% Triton X-100, and 10% glycerol and twice in PBS. Bound GST fusion proteins were eluted in buffer containing 50 mM Tris-HCl (pH 8.0) and 10 mM glutathione and exhaustively dialyzed against PBS. The concentration and purity were assessed by SDS-PAGE. Purified GST fusion proteins coupled to glutathione beads were added to cell lysates, and associated proteins were resolved as described above.
Thymocyte stimulation by antibody cross-linking. Single-cell suspensions of thymocytes were prepared and resuspended at a density of 10 8 cells/ml in PBS. Biotinylated anti-CD3ε (2C11) and anti-CD4 (GK1.5) antibodies were added to the cells at a final concentration of 10 g/ml. The cells were incubated on ice for 10 min, washed in PBS, and resuspended to the original concentration in PBS. Cross-linking was performed by addition of streptavidin to a final concentration of 10 g/ml. Cells were incubated at 37°C for 5 min, pelleted, and lysed as described above.
Kinase assays. Immune complexes prepared as described above were washed twice with lysis buffer, once with 10 mM NaHPO 4 (pH 7.4)-150 mM NaCl, and once with kinase reaction buffer (25 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM MgCl 2 , 5 mM MnCl 2 , 1 mM CaCl 2 , 0.05 mg of aprotinin/ml, 0.5 mM leupeptin, 10 mM NaF, 10 mM Na 2 MoO 4 , 200 M pervanadate, 20 mM ATP, and 1 mM dithiothreitol). Immunoprecipitates were resuspended in 15 l of a kinase buffer containing 10 Ci of [␥- 32 P]ATP (6,000 Ci/mmol; Amersham) and 10 g of acidand heat-denatured enolase and incubated for 15 min at room temperature. Reactions were stopped by the addition of SDS-PAGE sample buffer and analyzed by gel electrophoresis as described above. After transfer of proteins to nitrocellulose, radiolabel incorporation was quantitated by Storm PhosphorImager analysis (Molecular Dynamics).
Flow-cytometric analysis. Cells (5 ϫ 10 5 ) were prepared as described above, washed twice with staining buffer (PBS containing 0.02% bovine serum albumin and 0.01% NaN 3 ), preincubated with FcBlock, and stained with 0.5 g of fluorochrome-or biotin-conjugated antibody for 30 min on ice. Cells were washed once with staining buffer, restained with streptavidin-phycoerythrin as appropriate, rewashed, gravity filtered through a 35-m-pore-size cell strainer cap (Falcon, Lincoln Park, N.J.), and analyzed on a FACScan flow cytometer and with CellQuest software (Becton Dickinson, Franklin Lakes, N.J.). A minimum of 15,000 events were collected for each sample (50,000 for three-color analysis).
In vivo peptide treatment. OVA peptide was injected as described elsewhere (25) . Briefly, either OVA peptide 323-339 or OVA peptide 324-334 was administered in 250 l of a sterile 100 M solution by intraperitoneal injection. Twenty hours postinjection, thymi from treated mice were prepared and analyzed by flow cytometry as described above, with three-color analysis with annexin V, KJ1-26, and propidium iodide, in accordance with the manufacturer's instructions for staining with annexin V.
Splenocyte stimulation. Splenocytes (4 ϫ 10 5 ) were prepared as described above and treated with OVA peptides as described elsewhere (25) . Briefly, splenocytes were incubated with serial dilutions of OVA peptide 323-339 or OVA peptide 324-334 and examined at 12 h by flow cytometry as described above, using two-color analysis with anti-CD69 and KJ1-26. In one series, 100-l volumes were harvested at 24 h for interleukin-2 (IL-2) production by a cytotoxic T-lymphocyte bioassay. The second series was labeled with 0.4 Ci of [ 3 H]thymidine (3,000 Ci/mmol; Amersham) at 48 h. Cultures were harvested after overnight labeling to assay for cellular proliferation.
RESULTS
Dysregulation of Lck in CD45-deficient thymocytes. CD45-deficient T cells are blocked in TCR-mediated signaling and exhibit increased tyrosine phosphorylation at the negative regulatory site of Lck (Y505) (10, 33, 34) . Since Lck is required to initiate TCR signaling (36) , it seems likely that the increased phosphorylation at the inhibitory site in CD45-deficient cells accounts for the inability to signal through the TCR. Despite this increase in phosphorylation at the inhibitory site, the effect on kinase activity is unclear. Some CD45-deficient T cells exhibit increased Lck kinase activity, while others exhibit a decreased level of activity (10, 13) . To determine whether CD45-deficient thymocytes also exhibit dysregulation of Lck, we immunoprecipitated Lck either directly or through its association with CD4 and CD8. Lck showed increased phosphotyrosine content (Fig. 1A) as observed in other CD45-deficient mouse T-cell lines (11, 35) . Interestingly, in contrast to the decreased Lck kinase activity observed in most CD45-deficient T-cell lines (10, 17, 26, 28, 33) , kinase activity increased 1.5-to 2.5-fold as judged by phosphorylation of the exogenous substrate enolase after normalization for protein loading (Fig.  1B) . Since Lck kinase activity is increased in CD45-deficient thymocytes, it is possible that an increase in phosphorylation at the inhibitory site does not account for the block in thymocyte development.
The increased Lck kinase activity observed in thymocytes from the CD45-deficient mice suggests that in contrast to the results obtained in CD45-deficient cells, the increase in Lck tyrosine phosphorylation may not be due to increased tyrosine phosphorylation at the inhibitory site. Rather, the increased tyrosine phosphorylation may be at the autophosphorylation site, the site that potentiates kinase activity. To examine this issue, we used a GST fusion protein containing the SH2 domain of Lck to isolate Lck phosphorylated at the inhibitory site. Since the SH2 domain binds to the phosphorylated Y505 inhibitory site, interaction of Lck with the GST-SH2 domain fusion protein provides a measure of those Lck molecules phosphorylated at the inhibitory site. The fusion protein does not bind to the autophosphorylation site. This technique has previously been used to demonstrate increased tyrosine phosphorylation at the inhibitory site in CD45-deficient cells (34) .
To verify the technique, the GST-SH2 domain fusion protein was used to isolate Lck from the CD45-deficient Jurkat cell line J.45 (16) . As expected, there was more Lck isolated from J.45 cells by using the GST-SH2 domain fusion protein than was isolated from Jurkat cells (Fig. 1C) , indicating increased tyrosine phosphorylation at the inhibitory site in the absence of CD45. Similar results were obtained with thymocyte lysates from CD45-deficient mice and littermate controls. Thus, despite the increase in kinase activity in the CD45-deficient thymocytes, there is increased phosphorylation at the inhibitory site.
Expression of Lck Y505F rescues thymocyte maturation. To examine whether the increase in phosphorylation at the negative inhibitory site in Lck accounts for the block in thymocyte development, we expressed the Lck Y505F transgene in CD45 exon 6-deficient mice bearing a transgenic DO11.10 TCR (25) .
The Lck Y505F mutation by itself results in an active kinase and causes a block in thymocyte development due to premature signaling and a failure to rearrange the TCR ␤-chain (3). As expected, Lck kinase activity is increased in thymocytes bearing the Lck Y505F transgene (data not shown). However, the developmental block in Lck Y505F-transgenic mice can be overcome by simultaneously expressing a TCR transgene (6) . These results were confirmed in subsequent experiments (Fig.  2 ). Similar to a previous report, mice with a functional allele of CD45 expressing Lck Y505F showed a loss of CD4 single positives; however, some CD8 single-positive thymocytes developed (4). CD4 single-positive cells were increased in the thymi of CD45-heterozygous mice expressing the DO11.10 transgene compared to their level in the thymi of normal mice. In contrast, CD45-deficient animals with either the DO11.10 TCR or Y505F Lck transgene produced negligible numbers of CD4 single-positive thymocytes. However, simultaneous expression of the DO11.10 TCR and Y505F Lck transgenes in CD45-deficient mice resulted in an increased proportion of CD4 single-positive cells in the thymus (Fig. 2) . The proportions are similar to that observed in normal mice, despite the absence of any statistically significant change in total thymocyte number in mice of any genotype (data not shown). Staining with antibodies to CD3, the DO11.10 TCR, and the DO11.10 ␤-chain V␤8 indicated that all were expressed on CD4 single-positive thymocytes regardless of the genotype (Table 1 and data not shown). Mice expressing the Lck Y505F transgene continued to exhibit the development of CD8 singlepositive thymocytes in the absence of CD45. However, these cells did not express the DO11.10 transgene, and they expressed only low levels of CD3 (data not shown).
Antigen-induced apoptosis in CD45-deficient, Lck Y505F-, DO11.10 TCR-transgenic mice. The occurrence of thymocyte maturation suggested functional reconstitution of TCR signaling in CD45-deficient mice expressing Lck Y505F and DO11.10 transgenes (21). This is supported by the demonstration of the ability to induce increased tyrosine phosphorylation of the TCR -chain in response to antigen receptor crosslinking in DO11.10 and Lck Y505 transgene-expressing CD45-deficient thymocytes (Fig. 3A) . The TCR -chain exhibits basal tyrosine phosphorylation, and increased phosphorylation upon activation results in the appearance of a more slowly migrating form on SDS-PAGE gels. This indicates that the expression of Lck Y505F was having a direct effect on TCR signaling rather than altering thymocyte development through other mechanisms. To confirm this observation, we injected the antigenic OVA peptide 323-339, which is recognized by the DO11.10 TCR. Engagement of OVA peptide 323-339 by the DO11.10 TCR increases signaling during development and induces the elimination of these potentially autoreactive cells by thymic apoptosis and the rapid loss of transgenic TCR-bearing thymocytes (25) . Mice were injected with either OVA peptide 323-339 or the nonantigenic OVA peptide 324-334 control (which binds H-2 d class II molecules but does not stimulate the DO11.10 TCR). Thymocytes were harvested 20 h postinjection and analyzed by three-color flow cytometry with KJ1-26 anticlonotypic antibody, annexin V, and propidium iodide. Consistent with previous results (25) , thymocytes from animals with a functional allele of CD45 treated with OVA peptide 323-339 exhibited a dramatic decrease in the number of live cells expressing high levels of the DO11.10 TCR (Fig. 3B ). These thymocytes also exhibited a concomitant increase in apoptosis of the remaining TCR-bearing thymocytes, as measured by annexin V binding (Fig. 3C) . Genotype-matched littermates treated with the control OVA peptide 324-334 retained their TCR hi thymocytes and did not display increased annexin V staining. CD45-deficient, TCR-transgenic mice lacking the Lck Y505F transgene showed no change in TCR expression levels or annexin V binding in response to treatment with either peptide (data not shown). However, antigentreated thymocytes from mice bearing both transgenes on the CD45-deficient background responded with a decrease in TCR expression and increased annexin V staining. Interestingly, a portion of the Lck Y505-and DO11.10-expressing CD45-deficient thymocytes responded by increasing TCR expression, perhaps indicating a selection of previously unresponsive thymocytes due to diminished TCR signaling. These results indicate that the transgenic antigen receptor in these animals is functional and retains its specificity.
Accumulation of mature CD45-deficient Lck Y505F T cells in the periphery. To determine whether reconstitution of thymic development was reflected in the periphery, we analyzed splenocytes by two-color flow cytometry. As in the thymus, CD4 single-positive T cells accumulated in the periphery of CD45-deficient animals bearing the DO11.10 TCR and Lck Y505F transgenes in proportions similar to those found in normal mice and in contrast to the proportions evident in CD45-deficient mice bearing only the transgenic DO11.10 TCR (Fig. 4) . Additional three-color analysis permitted a comparison of antigen receptor expression levels on CD4 singlepositive splenocytes. CD4 single-positive T cells from mice with a functional CD45 allele and the DO11.10 transgene expressed CD3, the TCR clonotype, and V␤8. However, in the CD45-deficient animals, only those mice that expressed both the DO11.10 and Lck Y505F transgenes had peripheral T cells expressing the antigen receptor (Fig. 5) . As in the thymus, only the combination of the TCR and Lck Y505F transgenes on the CD45-deficient background gave rise to mature CD4 singlepositive, antigen receptor-bearing T cells.
Functional TCR in CD45-deficient, Lck Y505F-transgenic cells. To determine whether the transgenic TCR expressed by peripheral CD45-deficient, Lck Y505F-transgenic T cells was able to transduce a specific signal in response to antigen, cells were treated with serial dilutions of either OVA peptide 323-339 or OVA peptide 324-334. The cells were then examined at 12 h for the induction of the early T-cell activation marker CD69. Treatment of DO11.10 TCR-expressing splenocytes with OVA peptide 323-339 led to a dose-dependent increase of CD69 expression on DO11.10 TCR-positive splenocytes that contained a functional allele of CD45 or were CD45 deficient and expressed Lck Y505F (Fig. 6A) . CD45-deficient splenocytes lacking the Lck Y505F transgene did not respond to OVA peptide 323-339 (Fig. 6A) . Similarly, the CD45-bearing and -deficient cells with both transgenes produced IL-2, whereas the CD45-deficient cells that lacked the Lck Y505F transgene did not produce IL-2 (Fig. 6B ). Furthermore, [ 3 H]thymidine labeling of splenocyte cultures revealed a dosedependent proliferation at 72 h in the CD45-bearing and -deficient animals with both the Lck Y505F and DO11.10 transgenes (Fig. 6C) . The truncated OVA peptide 324-334 did not elicit any response in cells of any genotype, consistent with the retention of antigen specificity by the transgenic TCR. The decreased proliferation observed in the CD45-deficient, double-transgenic splenocytes may reflect the lower level of TCR expression or may be due to a decrease in lck proximal promoter activity in the periphery, leading to a reduction in levels of the Lck Y505F mutant. However, Lck immunoprecipitated from splenocytes of Lck Y505F-transgenic mice exhibited increased kinase activity (data not shown), consistent with persistent peripheral expression of the transgene. These results are consistent with the presence of a functional and regulated TCR despite the absence of CD45.
DISCUSSION
We showed that the generation of CD45-deficient mice expressing transgenes for both the Lck Y505F mutation and the DO11.10 TCR rescues thymocyte development and reconstitutes antigen-specific TCR signaling. T cells from these mice develop in the thymus, express antigen receptor and coreceptor, and accumulate in the periphery in normal proportions. The specific antigen peptide induces thymocyte apoptosis and in peripheral T cells induces activation and proliferation.
Our results provide evidence that the block in TCR signaling in CD45-deficient T cells is due to the inability to dephosphorylate the inhibitory site in Lck. Previously, it has been documented that the absence of CD45 in lymphocyte cell lines correlates with an increase in phosphotyrosine at the inhibitory site in Lck (10, 33, 34) . Our present study demonstrates that CD45 regulation of the inhibitory phosphotyrosine is critical to thymocyte development. The presence of Lck Y505F permits CD45-independent TCR signaling. The failure of CD45-deficient thymocytes to develop past the CD4 ϩ CD8 ϩ doublepositive stage is not relieved by the presence of a transgenic TCR, although the proportion of double-negative thymocytes does decrease (29) . Since positive selection requires a signal through the antigen receptor, our data support the idea that the primary role for CD45 in the development of mature T cells is the dephosphorylation of Lck Y505.
Despite the observed increase in phosphorylation at the inhibitory site in Lck, some CD45-deficient cell lines exhibit enhanced kinase activity (12, 40) . In agreement with this, we observe elevated Lck kinase activity in thymocytes from the CD45-deficient mouse (Fig. 1B) . Increased Lck kinase activity was also recently observed in a separate line of CD45-deficient mice (11) . Yet we demonstrated that despite the increased Lck kinase activity in CD45-deficient thymocytes, there is increased phosphorylation at the inhibitory site (Fig. 1C) . How can there be increased Src family kinase activity in the presence of increased phosphorylation at the inhibitory site? A potential answer is that this reflects the pool of Src kinases being measured. Experiments that measure the phosphorylation state of the inhibitory site examine the total pool of a particular Src kinase in the cell. In contrast, assays of kinase activity will reflect changes in the subset of kinases associated with engaged receptors. Thus, in CD45-deficient thymocytes, CD45 functions to dephosphorylate the inhibitory site during steady state of the entire Lck pool. Our data support the notion that dephosphorylation of the inhibitory site by CD45 is essential for signaling through the TCR. However, Src family kinases function to regulate receptors other than antigen receptors, such as integrins. If CD45 functions to negatively regulate those receptors, elevation of kinase activity will be observed in the absence of CD45. In support of this idea, it has been demonstrated that CD45 functions in macrophages as a negative regulator of Src family kinases associated with ␤ 2 integrinmediated adhesion (32) . The increased Lck kinase activity in CD45-deficient thymocytes may be due to the lack of negative regulation of Lck by CD45 associated with receptors other than antigen receptors. Thus, it has been proposed that CD45 can function simultaneously as a positive and negative regula- tor of Src family kinase activity depending on whether CD45 is excluded from associating with engaged receptors, e.g., antigen receptors, or associates with engaged receptors, e.g., integrins (37) .
Creating high-affinity binding sites for the SH2 and SH3 domains (20, 23) can activate Src family kinases. However, Src family kinases associated with the antigen-receptor cascade are not likely to be activated by an upstream mechanism. An Src family kinase is thought to be the initial kinase in the TCR signaling cascade, and thus dephosphorylation of the inhibitory site is essential (39) . This may not be the case for Src family kinases associated with other receptors, for example integrins. Nonetheless, our data indicate that dephosphorylation of the inhibitory site is essential for signaling through the TCR. This supports the idea that CD45 can simultaneously function as a positive and negative regulator of Src family kinases depending on differential assortment with various receptors.
In T cells, Lck associates with the CD4 and CD8 TCR coreceptors, at which it is thought to function in TCR signal transduction (39) . This is supported by the absence of TCR signaling in Lck-deficient cells lines (36) , as well as in the very small number of peripheral T cells isolated from Lck-deficient mice (24) . Lck expression is also required for signal transduction through the pre-TCR involved in the development of CD4 ϩ CD8 ϩ double-positive thymocytes from their CD4 Ϫ CD8 Ϫ double-negative precursors (7) . Overexpression of kinase-dead mutants of Lck acts as a dominant-negative mutation on the pre-TCR signal and abolishes allelic exclusion at the TCR ␤-locus, blocking thymocyte development at the double-negative stage and preventing the expression of TCR ␣-and ␤-chains (7, 19) . Mice bearing the activated Lck Y505F transgene are blocked at the CD4 ϩ CD8 ϩ double-positive stage during thymocyte development and exhibit little TCR ␣-or ␤-chain rearrangement. This developmental block is overcome (in contrast to the situation in the kinase-dead transgenics) by expression of a transgenic TCR ␤-chain (1). Thus, Lck influences both the development and activation of T cells.
Up-regulation of Lck kinase activity has been shown to correlate with a decrease in the surface expression of the TCR (13) . Our data support this observation. There was decreased DO11.10 TCR expression in Lck Y505F-transgenic CD45-deficient thymocytes and splenocytes ( Fig. 3A and 5 ). This suggests that activated Lck causes internalization of the antigen receptor. The results of T-cell line studies involving Lck Y505F and tyrosine kinase inhibitors are consistent with the increased TCR expression observed in Lck-deficient mice (24) . This may explain the decrease in the absolute level of DO11.10 TCR expression that we observed in the thymi and spleens of animals expressing Lck Y505F along with the transgenic TCR ( Fig. 3A and 4A ). The decrease in TCR levels in these mice was more pronounced in the CD45-deficient mice, consistent with results previously observed in studies using cell lines (13) . Further, the decreased surface expression of TCR may account for the decreased proliferative response seen during stimulation of splenocytes from these mice. This reduced proliferation may also reflect a loss of Lck Y505F transgene expression in the periphery due to decreased activity of the lck proximal promoter, although we observed increased Lck kinase activity in the splenocytes of Lck transgene-bearing mice, consistent with persistent expression of the Lck transgene (data not shown).
The Lck Y505F transgene is sufficient for the reconstitution of DO11.10 antigen receptor signaling. This suggests that the Y505 site of Lck is a critical substrate of CD45 in vivo. Furthermore, our data indicate that dephosphorylation of Lck Y505 is the specific mechanism for the positive regulation of the TCR complex and that the failure to dephosphorylate Y505 in CD45-deficient mice is the cause for the block in thymocyte development.
